Abstract Recent integrative genomic approaches have defined molecular subgroups of medulloblastoma that are genetically and clinically distinct. Sonic hedgehog (Shh) medulloblastomas account for one-third of all cases and comprise the majority of infant and adult medulloblastomas. To discern molecular heterogeneity among Shhmedulloblastomas, we analyzed transcriptional profiles from four independent Shh-medulloblastoma expression datasets (n = 66). Unsupervised clustering analyses demonstrated a clear distinction between infant and adult Shhmedulloblastomas, which was reliably replicated across datasets. Comparison of transcriptomes from infant and adult Shh-medulloblastomas revealed deregulation of multiple gene families, including genes implicated in cellular development, synaptogenesis, and extracellular matrix maintenance. Furthermore, metastatic dissemination is a marker of poor prognosis in adult, but not in pediatric 
Introduction
The peak age of onset of medulloblastoma ranges from 7 to 9 years, but is also diagnosed from infancy through adulthood [2, 12, 16] . Current markers of poor prognosis for medulloblastoma include: patient age, extent of resection, and metastatic status [16] . Recent interest has focused on molecular markers of prognosis [5, 6, 18] . Transcriptomic technologies combined with unsupervised clustering methods have demonstrated that medulloblastomas can be segregated into distinct subgroups [1, 4, 10, 13, 14, 21] .
The Shh subgroup is currently the best understood and most highly studied [8] . Germline mutations in PTCH1 (Gorlin Syndrome) [9] and SUFU [20] , two negative regulators of the Shh pathway, predispose to medulloblastoma, and somatic mutations in these genes, as well as activating mutations in SMO are collectively found in 10-15% of sporadic medulloblastomas [8] . Curiously, Shh-medulloblastomas occur in a bimodal distribution, making up the majority of infant (B3 years) and adult (C16 years) medulloblastomas, but only a small fraction of childhood (4-15 years) tumors. The unusual bimodal age distribution of Shh-medulloblastomas suggests the existence of Shhsubgroup heterogeneity.
To discern the subgroups of Shh-medulloblastoma, we analyzed gene expression data for 33 Shh-medulloblastomas, and validated our findings in a non-overlapping cohort derived from three independent published datasets. We subsequently correlated cytogenetic events, clinical factors, and histology with survival on a cohort of 151 nonoverlapping, well-documented Shh-medulloblastomas on a tissue microarray (TMA).
Materials and methods

Samples and data sets
All medulloblastoma cohorts analyzed in the study are summarized in Supplementary Table 1 . Primary human Shh-medulloblastomas (n = 33) comprising our discovery cohort have been described previously and were derived from a larger original cohort of 103 primary cases representative of all medulloblastoma subgroups [14] . Previously published gene expression data used as the validation cohort were downloaded from the Gene Expression Omnibus (GEO) repository [(n = 62) [10] : GSE10327, (n = 40) [7] : GSE12992] and obtained directly from Dr. Nada Jabado (n = 12) [1] . This combined validation set consists of 114 primary medulloblastomas and was used as a resource to predict cases of the Shh subtype. For cytogenetic analysis, 151 non-overlapping Shh-medulloblastomas were studied as formalin-fixed paraffin embedded (FFPE) samples on a tissue microarray (TMA).
Copy number and expression array data were generated and analyzed as described previously [14, 15] Fig. 1 Transcriptional heterogeneity among Shh-medulloblastomas. a Frequency plot of Shh-medulloblastoma incidence reveals a bimodal age distribution. Shh-medulloblastomas from our expression cohort (n = 33) are plotted as a percentage of the total number of tumors (n = 102) according to their respective age category: infants (B3 years), children (4-15 years), and adults (C16 years). b Unsupervised HCL of Shh-medulloblastomas identifies three distinct clusters. HCL was performed using 1,450 high SD genes. Pairwise significance values for the three sample clusters as determined using SigClust are shown in the legend. Patient age, gender, and histology are listed below the dendrogram. c Upper panel PCA of Shhmedulloblastomas reveals separation of samples according to patient age category. PCA was performed using the same 1,450 high SD genes utilized in b. Lower panel PCA of infant and adult Shhmedulloblastomas demonstrates clear separation between the two age groups. d Left panel Unsupervised NMF clustering of infant and adult Shh-medulloblastomas identifies two stable classes in the dataset that are indicative of patient age category. The 'infant' cluster is comprised solely of infant cases, whereas the 'adult' cluster consists of all analyzed adult cases and one infant case (asterisk, *). Right panel NMF clustering performed on a validation dataset of 26 Shhmedulloblastomas recapitulates the 'infant' and 'adult' clusters identified in our dataset. Infant cases clustering with the 'adult' cluster are marked with an asterisk (*). Lower panel SubMap analysis comparing the two Shh subclasses in the current dataset ('Northcott Data') to those present in the validation cohort ('Validation Data') demonstrates that they are transcriptionally equivalent content, construction, and FISH have been described previously [17] .
Multicolor interphase FISH analysis was performed using commercial probe sets delineating the loci of interest (Vysis, USA): (1) centromere 2p11-q11 (spectrum orange) and 2p24/MYCN (spectrum green); (2) centromere 8p11-q11 (spectrum green) and 8q24/MYC (spectrum orange); (3) 17p13.3/LIS1 (spectrum orange), 17q21/RARA (spectrum green), and 6q23/MYB (spectrum aqua) (4) centromere 10p11-q11 (spectrum green) and 10q23/PTEN (spectrum orange), (5) 9q34/ASS/ABL (spectrum orange and aqua) and 22q11/BCR (spectrum green). For CDK6, GLI1 and GLI2 custom-made fluorescein isothiocyanate-labeled probes were used in combination with centromere 7p11-7q11, 12p11-q11, and 2p11-q11 probes (spectrum orange, Vysis), respectively.
Biostatistics and bioinformatics
Hierarchical clustering (HCL), non-negative matrix factorization (NMF) clustering, principal component analysis (PCA), subclass mapping (SubMap), class prediction (PAM) and Gene Set Enrichment Analysis (GSEA) were carried out as described [14] . For unsupervised HCL, PCA, and NMF of Shh cases, a variance filter (high standard deviation, SD) was used to select a subset of variant genes in the datasets prior to clustering. For HCL and PCA, 1,450 high SD genes were ultimately selected on the basis of cluster stability, whereas NMF was performed using 1,000-5,000 high SD genes with comparable results. Significant genes between classes were identified using t test statistics. Categorical clinical and pathological parameters were compared between groups with Fisher's exact test. Distribution of survival times was estimated using KaplanMeier estimates. The log-rank test was used to compare survival curves between groups.
Results
Age dependent molecular and clinical heterogeneity among Shh-medulloblastomas
In our previous analysis of medulloblastoma subgroups, we confirmed a bimodal age distribution for Shh-medulloblastomas, accounting for 65 and 71% of infant and adult medulloblastomas, respectively ( Fig. 1a ) [15] . To examine possible heterogeneity among Shh-medulloblastomas, we performed unsupervised HCL of 33 Shh-medulloblastomas to reveal three statistically robust 'clusters' of nearly equal proportion (Fig. 1b) . Interestingly, 9/10 adult cases clustered together (cluster 2) and independently of pediatric cases, whereas the two remaining clusters included both infant and childhood medulloblastomas (clusters 1 and 3). Application of PCA to our Shh-medulloblastoma expression series revealed notable separation of cases according to patient age category with childhood Shhmedulloblastomas existing as a 'molecular intermediate' of the more extreme infant and adult cases (Fig. 1c, upper  panel) . As the vast majority of Shh-medulloblastomas occur in infants and adults (Fig. 1a) , we decided to focus our molecular analysis on these two classes. PCA of infant (n = 13) and adult (n = 10) Shh-medulloblastomas demonstrated notable separation, and further established the homogeneity within the adult cases (Fig. 1c , lower panel). Unsupervised consensus NMF clustering of expression data from infant (n = 13) and adult (n = 10) cases identified two significant classes in the matrix essentially corresponding to an 'infant cluster' and an 'adult cluster' (Fig. 1d , Northcott Data, left panel). For validation, we analyzed gene expression data from three independent published datasets. Class prediction analysis was performed using our previously published data as a 'training' dataset and three combined datasets [1, 7, 10] (n = 114) as the 'test' dataset (data not shown). This analysis revealed 33 validation cases predicted to be of the Shh subtype (data not shown). NMF clustering of infant (n = 13) and adult (n = 13) Shh-medulloblastomas from this validation cohort recapitulated the results obtained above (Fig. 1d , Validation Data, right panel). SubMap analysis using a gene set common to both expression array platforms revealed statistically significant concordance (P = 0.00266) between the two data series', further supporting our hypothesis that infant and adult Shhmedulloblastomas are molecularly distinct (Fig. 1d, lower  panel) .
A combination of t test statistics and GSEA confirmed differentially regulated genes and gene sets discriminating adult Shh-medulloblastomas from infant cases (Supplementary Table 2 ). Among the most highly up-regulated genes identified in adult Shh-medulloblastoma were members of the homeobox (HOX) family, as well as HOX subfamily genes BARHL1 and LHX2 (Fig. 2a) . Infant cases showed elevated expression of transcriptional regulators functioning in neuronal development: ID2, ZIC5, and ZIC2. GSEA implicated processes related to tissue development and synaptogenesis as two of the most highly significant themes in adult Shh-medulloblastoma (Table 1 ; Fig. 2 Infant and adult Shh-medulloblastomas exhibit distinct transcriptional profiles. a Heatmap showing the top 100 differentially expressed genes between infant (n = 13) and adult (n = 10) Shhmedulloblastoma as determined using t test statistics applied to our expression cohort. Genes determined to be significantly differentially expressed in the same class (i.e. upregulated in adult Shh-medulloblastoma) in the validation cohort (n = 26) are highlighted in bold/ red, whereas genes not present on the array platform used in the validation cohort are highlighted in orange. b GSEA enrichment plots and heatmaps showing enrichment of genes involved in skeletal system morphogenesis (upper panel) and synaptogenesis (lower panel) are significantly correlated with adult Shh-medulloblastoma. c GSEA enrichment plot and heatmap demonstrating a positive correlation between infant Shh-medulloblastoma and genes involved in ECM function. d Significant functional themes identified among adult and infant Shh-medulloblastomas. Venn diagrams illustrate the overlap of significant genes between our Shh expression dataset ('Northcott Data') and the validation cohort ('Validation Data'). Genes identified as significant across all datasets were input according to age category into IPA to determine top functional themes HOXA2  HOXA4  HOXA7  HOXA6  HOXA3  HOXC9  HOXD10  DSCAML1  PRRX2  HOXB4  HOXB7  MEN1  MYF5  GAS1  HOXB3  FOXC2  HOXB8 LUM  SMOC2  COL3A1  COL4A1  COL27A1  COL1A1  COL6A3  FREM2  COL1A2  COL4A2  LAMA1  NID2  LAMA4  ACHE  COL5A2  FBN1  HMCN1  ANXA2  COL11A1  COL10A1  SNCA  SPARC  LAMB1  NID1  TIMP2  MFAP4  COL6A1  NTN4  COL5A1  SLC1A3  FREM1  COL15A1  COL12A1  COL9A1  LOX  TIMP3  SMOC1  LAMC3  COL4A4  COL14A1  MFAP2  COL4A6  COL4A5  APLP1  HSPG2  USH2A  LAMB3  COL18A1 Fig. 2b ). Gene sets related to extracellular matrix (ECM) function were highly enriched in pediatric Shh-medulloblastoma (Table 2 ; Fig. 2c ). To identify genes consistently differentially expressed across datasets, we performed an overlap analysis between significant genes identified in our dataset with those in the validation cohort. This approach revealed consistent upregulation of genes involved in cellular and organismal development (i.e. HOX family genes) in adult Shh-medulloblastomas (Fig. 2d) . Despite exhibiting common activation of the Shh pathway, infant and adult Shh-medulloblastoma can be discriminated on the basis of their transcriptional programs, and exhibit intertumoral heterogeneity.
Pediatric and adult Shh-medulloblastoma cytogenetics
We analyzed high-resolution SNP copy number profiles for the Shh cases in our cohort (n = 33, Supplementary  Fig. 1a ) [15] . We observed a trend towards a higher incidence of chromosome 2 copy number gain ( Supplementary  Fig. 1b ) and chromosome 10 deletion ( Supplementary  Fig. 1c ) in pediatric (B15 years) cases compared to adults (C16 years). Indeed, 10q deletion is not seen in any of the adult cases, suggesting that it is an infant-specific event.
To gain an improved understanding of clinical and cytogenetic heterogeneity among different age categories of Shh-medulloblastoma, we analyzed a large cohort of 151 well-documented Shh cases on a TMA (Fig. 3a) [11] . Adult Shh-medulloblastomas (n = 96) were predominantly male, localized to cerebellar hemispheres, and non-metastatic, whereas pediatric Shh-medulloblastomas (n = 55) occurred equally in males and females, were predominantly localized to the vermis, and were more frequently metastatic (Fig. 3a) .
We used FISH to interrogate the copy number status of specific genomic loci in our medulloblastoma TMA cohort. Loci analyzed included the known medulloblastoma oncogenes MYC, MYCN, GLI2, and CDK6, as well as chromosomal locations known to be targeted in medulloblastoma (Table 3 ; Supplementary Fig. 1d ). Multiple statistically significant aberrations are over-represented in pediatric Shh-medulloblastomas compared with adults, with MYCN amplification (P = 0.0298) and chromosome 10q deletion (P = 0.0002) being the most notable (Table 3) .
Although not statistically significant, there was also a higher incidence of chromosome 2 gain (27.3 vs. 15.6%) and 9q deletion (56.4 vs. 37.5%) in the pediatric cases compared to adults (Table 3) .
Age-related prognostic significance of clinical, histological and cytogenetic variables in Shh-medulloblastoma
Examination of progression-free survival (PFS) and overall survival (OS) probabilities comparing pediatric and adult Shh-medulloblastomas showed no significant difference in patient outcome, although there was a trend towards a higher probability of relapse (PFS) in adults (Fig. 3b , median follow-up = 68.0 months, 0.95LCL = 63.0, 0.95LCL = 78.0). Although leptomeningeal dissemination is much more common in pediatric Shh-medulloblastoma as compared to adults (27 vs. 6%, P \ 0.001, Fig. 3a) , the presence of metastases is prognostic in adults (P = 0.002), but not in pediatric cases (P = 0.11) (Fig. 3c) . Conversely, pediatric desmoplastic Shh-medulloblastomas have a better prognosis than classical histology Shh-medulloblastomas (P = 0.052), whereas in adults, histology has no detectable effect on prognosis (P = 0.32) (Fig. 3d) . Chromosome 10q deletion and survival probability was shown to be highly significant (log-rank P = 0.0004, Table 3 ; Fig. 4a ) with adult Shh-medulloblastomas harboring 10q loss exhibiting particularly poor PFS and OS probabilities (log-rank P \ 0.0001, Fig. 4a ). Although chromosome 10q deletion is more prevalent in pediatric Shh cases as compared to adults, it appears to predict a worse outcome in adults, suggesting that the critical gene(s) targeted by 10q deletion may differ between the two populations. Chromosome 2 gain, 17p loss, and 17q gain all demonstrate prognostic significance in Shhmedulloblastoma (log-rank P \ 0.001, Table 3 , Supplementary Fig. 2a-c) , with the most adverse effect on OS observed in adults (log-rank P \ 0.01, data not shown). GLI2 amplification is highly correlated with OS probability (log-rank P \ 0.0001, Table 3 ; Fig. 4b ), particularly in adults (log-rank P \ 0.0001, Fig. 4b ). The disparate effects of metastases, histology, and cytogenetics between adult and pediatric Shh-medulloblastoma support our hypothesis that they are distinct disorders.
Discussion
Now that several subgroups of medulloblastoma have been demonstrated [4, 10, 14, 21 ], focus will turn to determination of subgroup characterization and heterogeneity. Our unbiased, unsupervised approach to multiple non-overlapping cohorts of Shh-medulloblastomas demonstrates considerable heterogeneity, particularly between adult and non-adult cases. A full and statistically significant characterization of all Shh-medulloblastoma subgroups will require analysis of larger cohorts. The clinical, pathological, and cytogenetic differences between adult and pediatric Shh-medulloblastomas are clinically relevant. It is very notable that infant and adult medulloblastomas are treated very differently, and that differences in prognosis could relate to treatment effects as well as underlying biology. In particular, the lack of prognostic significance for metastatic status in pediatric Shh-medulloblastoma requires validation, as it has important implications for treatment intensity of children with M? Shh-medulloblastoma, and as it diverges from prior publications on nonsub-grouped infant medulloblastoma. However, prior publications demonstrating a prognostic effect of M status in infant medulloblastoma may have included infants with Group C medulloblastoma, who have both a high incidence of metastasis, and a very poor prognosis. SMO inhibitors have recently been shown to have dramatic, albeit transient efficacy in cases of Shh-medulloblastoma [3, 19] . More durable responses to SMO inhibitors will likely require the use of concurrent therapies, the targets for which might be suggested by over-represented pathways identified above [3] . The clinically prognostic, and age group specific cytogenetic aberrations that we identify could be used for treatment stratification in the setting of clinical trials. Future, multidimensional studies, prospective when possible, profiling much larger cohorts of Shh-medulloblastoma will likely be necessary to fully appreciate the molecular and clinical diversity of Shh-medulloblastoma. b a 
